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Besides its fundamental importance, non-reciprocity has also found many potential applications in quantum
technology. Recently, many quantum systems have been proposed to realize non-reciprocity, but stable non-
reciprocal process is still experimentally difficult in general, due to the needed cyclical interactions in artificial
systems or operational difficulties in solid state materials. Here, we propose a new kind of interaction induced
non-reciprocal operation on superconducting quantum circuits. Different from previous implementation, our
protocol only uses two resonant asymmetric, instead of cyclical, interaction in a three-level configuration to
induce non-reciprocal process, which is directly implementable in various quantum systems. Furthermore,
superconducting quantum circuits system is scalable and controllable, thus is a promising platform for the
demonstration. In addition, based on the non-reciprocal transport property, we propose to realize a circulator
with high fidelity, which sheds light on novel quantum devices as well as quantum manipulation. Therefore, our
protocol provides a promising way to explore fundamental non-reciprocal quantum physics as well as realize
non-reciprocal quantum devices.
I. INTRODUCTION
Reciprocity is an elementary property of quantum physics.
However, decoherence effect will naturally induce the non-
reciprocity of a quantum process. Meanwhile, non-reciprocal
devices are also essential in both classical and quantum in-
formation processing for special tasks, i.e., one-way transmis-
sion of information or energy. Therefore, many theoretical
and experimental progresses have been made recently to build
non-reciprocal devices in different quantum systems. Specif-
ically, the conventional way of realizing non-reciprocity is
achieved by adding magnetic filed or using magnetic mate-
rials directly [1]. However, the external magnetic filed would
affect the transformation and the magnetic materials is rare.
Recently, in artificial quantum systems, realization of non-
reciprocity has been proposed in many quantum systems, such
as in non-linear systems [2–4], synthetic magnetism systems
[5–11], non-Hermitian systems [12–19], time modulated sys-
tems [20–30], etc. Despite these successful methods have
been realized in nitrogen-vacancy centers systems [11], cold
atom systems [19], superconducting circuits [30], and optical
systems [31–33], tunable non-reciprocal process are still lack-
ing for quantum manipulation. This is because that previous
implementations are highly rely on special materials and/or
their special properties, e.g., nonlinear property. For the
method of non-reciprocity induced by synthetic magnetism,
it usually needs cyclical interaction among at least three lev-
els of a quantum system or thee quantum subsystems. This
is experimentally challenging as it requires quantum system
with cyclical transition or at least two-dimensional configura-
tion for many-body non-reciprocal process. Therefore, aim-
ing at tunable non-reciprocal process and its potential appli-
cations, both theoretical and experimental efforts to achieve
non-reciprocity are still highly desired.
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Here, we propose a general scheme on a three-level quan-
tum system and demonstrate non-reciprocal operations by
time modulation in such frame. The distinct merit of
our proposal is that the realization just needs two time-
modulation coupling, instead of three cyclical coupling, in
a three-level quantum system. That means for the many-
body non-reciprocal process, it can be implemented in a one-
dimensional configuration instead of two-dimensional system
in previous proposals. Furthermore, our proposal can be eas-
ily implemented in any three-level-like quantum systems, for
example, superconducting quantum circuits systems [34–37],
nuclear magnetic resonance systems [38], nitrogen-vacancy
centers in diamond systems[11], trapped ions systems [39],
hybrid quantum systems [40], and so on.
Meanwhile, superconducting quantum circuits system is
scalable and controllable, and thus attracts great attention has
been paid in many researches. Different from the cold atoms
and optical lattice systems, superconducting quantum circuits
possess good individual controllability and easy scalability.
Following that, we implement our proposal on three coupled
transmons in superconducting quantum circuits with appropri-
ate parameters, and achieve a non-reciprocal circulator with
high fidelity. As our proposal is based on a one-dimension
superconducting chain system, e.g. Refs. [41, 42], and with
demonstrated techniques there, thus it can be direct verified.
Therefore, our proposal provides a new approach based on
time modulation for engineering non-reciprocal devices suc-
cessfully, which have high application value for quantum in-
formation processing including one-way propagation of quan-
tum information, quantum measurement and readout, quan-
tum steering, and so on.
II. GENERAL FRAMEWORK
We start from a general three-level quantum system labeled
in the Hilbert space {|A〉, |M〉, |B〉}. As shown in Fig. 1(a),
considering |A〉 and |B〉 simultaneously coupled to |M〉 res-
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FIG. 1. Schematic diagram. (a) Initial picture for generating non-
reciprocal devices: two subspaces |A〉 and |B〉 are resonantly cou-
pled to subspace |M〉 simultaneously with time modulated coeffi-
cients g1(t) and g2(t). (b) Quantum circulator with one direction
flow through a time period τ . (c) |M〉 simultaneously serve as re-
ceiver R1 and sender S2 for receiving information from sender S1
and send information to receiver R2 through a period τ
onantly. Assuming h¯ = 1 hereafter, the interaction Hamilto-
nian in the interaction picture can be written as
H(t) = g1(t)|A〉〈M |+ g2(t)|B〉〈M |+ H.c., (1)
where g1,2(t) are the time-modulation coupling strength.
When the pulse shapes of g1(t) and g2(t) are different from
each other, the symmetry of the system can be broken nat-
urally. Thus, with appropriate designed time-modulation
coupling strengths g1,2(t), a quantum circulator with one-
direction flow can be achieved through a period evolution with
time τ , i.e., |A〉 → |B〉→ |M〉 → |A〉 illustrated in in Fig.
1(b). That means, on the one hand, transition |A〉 → |B〉 is
allowed, not vice versa. Meanwhile, the process |B〉 → |M〉
and |M〉 → |A〉 can be simultaneously realized, which means
that |M〉 can simultaneously receive the quantum information
from sender |B〉 and send information to receiver |A〉. Those
quantum processes are very important for quantum informa-
tion transformation and processing.
III. CONSTRUCTION
Now, we proceed to introduce details for construction of
non-reciprocal scattering matrix. Generally, the evolution
process of time-dependent Hamiltonian with a period τ can
be expressed as U(τ) = T ∫ τ
0
H(t)dt with T being time-
order operator. The concrete solution of the evolution process
with time-dependent Hamiltonian H(t) can be carried out by
Lewis-Riesenfeld (LR) invariant method [43]. Here, we con-
centrate on the solution of nonreciprocal transition evolution
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FIG. 2. Illustration of the physical implementation. (a) Two qubit-
frequency driven transmons A and B with the respective longitudi-
nal field A,B(t) resonantly coupled to the transmon M . (b) Effec-
tive resonant coupling architecture in the single-excitation subspace
{|100〉, |010〉, |001〉}.
process with time modulation. With the LR method, the evo-
lution process with a period τ can be exactly derived as
U(τ) =
∑
n=0,±
e−iθn(τ)|µn(τ)〉〈µn(0)|, (2)
where θn(τ) is the LR phase with θ0(τ) = 0 and θ−(τ) =
−θ+(τ),
|µ0(t)〉 =
 cos γ(t) cosβ(t)−i sin γ(t)
− cos γ(t) sinβ(t)
 (3)
and
|µ±(t)〉 = 1√
2
 sin γ(t) cosβ(t)± i sinβ(t)i cos γ(t)
− sin γ(t) sinβ(t)± i cosβ(t)
 (4)
are the eigenstates of the invariant I(t) with auxiliary param-
eters γ(t) and β(t). To induce nonreciprocal transition evolu-
tion process, we set the boundary conditions as
γ(0) = γ(τ) = 0, β(0) = 0, β(τ) = pi/2. (5)
After that, the final evolution operator in the Hilbert space
{|A〉, |M〉, |B〉} can be determined as
U [θ+(τ)] =
 0 −i sin θ+(τ) cos θ+(τ)0 cos θ+(τ) −i sin θ+(τ)
−1 0 0
 . (6)
To understand the result clearly, for the case θ+(τ) = pi, the
final evolution operator U [pi] = −|M〉〈M |−|A〉〈B|−|B〉〈A|
represents a normal two-direction transitions. Especially, for
another case θ+(τ) = 3pi/2, the evolution process U [3pi/2] =
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FIG. 3. Numerical performance. (a) The LR phase θ+(τ) with respect to auxiliary parameter λ, where black square represents θ+(τ) = 3pi/2.
(b) The pulse shapes of asymmetrical time-modulation coupling strength g′A,B(t) with θ+(τ) = 3pi/2 in a period τ . (c), (d) and (e) The
performance of the quantum circulator U [3pi/2] in a period τ with the initial states being |100〉, |001〉 and |010〉, respectively. (f) The
performance of the quantum circulator U [3pi/2] for simultaneously sending and receiving the quantum information in a period τ
i|A〉〈M |+i|M〉〈B|−|B〉〈A| shows nonreciprocal transitions,
for example, transition |A〉 → |B〉 is allowed, but transition
|B〉 → |A〉 is forbidden for the same process. Obviously, the
evolution operator U [3pi/2] also means a cyclic transporta-
tion. To sum up, the evolution operator U [3pi/2] induces a
cyclic chiral transportation, which exactly realize a quantum
circulator, from pure time-modulation of the interaction.
IV. PHYSICAL IMPLEMENTATION
Here, we implement our proposal in superconducting quan-
tum circuits system. Firstly, for a transmon, there are three
lowest levels, which can be resonantly driven by two mi-
crowave fields to induce the Hamiltonian H(t) in our pro-
posal. Furthermore, we consider three coupled transmons
with the lowest two levels |0〉 and |1〉 in superconducting
quantum circuits. As shown in Fig. 2(a), we labeled three
transmons with A,M and B with frequencies ωA,M,B and
anharmonicities αA,M,B . Here, we introduce qubit frequency
drives f((t)) [44], which can be determined experimentally
by the longitudinal field (t) = f−1(F˙ (t)), where F (t) =
η(t) sin(νt) are intentionally chosen with ν being the fre-
quency of the longitudinal field (t), and two qubit-frequency
drives f(j(t)) (j = A,B) are added in transmons A and
B respectively to induce time-modulation resonant interac-
tion with transmon M . In the single-excitation subspace
{|100〉, |010〉, |001〉}, where |amb〉 ≡ |a〉A ⊗ |m〉M ⊗ |b〉B
labels the product states of three transmons, the Hamiltonian
in the interaction picture can be written as
HI(t) =gA|100〉〈010|ei∆At−iFA(t) +
gB |001〉〈010|ei∆Bt−iFB(t) + H.c., (7)
where gj is coupling strength for transmons A,B to M and
∆j = ωj −ωM are the frequency difference. Considering the
resonant interaction case ∆j = νj , the effective Hamiltonian
with time modulation can be obtained as
Heff(t) = g
′
A(t)
2
|100〉〈010|+ g
′
B(t)
2
|001〉〈010|+ H.c.,(8)
where g′j(t) = gjJ1(ηj(t)) are effective time-modulation cou-
pling strength for transmons A,B to M with J1 being the
Bessel function. We can use the effective HamiltonianHeff(t)
to realize quantum circulator in our protocol.
With the LR invariant method, the form of g′j(t) can be
given as
g′A(t) = 2[β˙(t) cot γ(t) sinβ(t) + γ˙(t) cosβ(t)],
g′B(t) = 2[β˙(t) cot γ(t) cosβ(t)− γ˙(t) sinβ(t)]. (9)
Considering the boundary conditions Eq. (5), the commuta-
tion relations [H(0), I(0)] = [H(τ), I(τ)] = 0, and the ex-
perimental apparatus restriction, the values g′j(t) can be set as
zeros at time t = 0 and τ , thus, a set of auxiliary parameters
γ(t) and β(t) can be selected in the form as
γ(t) =
λ
(τ/2)4
t2(t− τ)2,
β(t) =
−10pit7
τ7
+
35pit6
τ6
− 42pit
5
τ5
+
35pit4
2τ4
, (10)
where λ is a tunable time-independent auxiliary parameter,
which directly determines the LR phase θ+(τ) concerned in
our proposal shown in Fig. 3(a). Furthermore, the effec-
tive coupling strength g′j(t) can be carried out according to
Eq. (9). Then, we realize the the final evolution operator
U [θ+(τ)].
4Following, we choose appropriate experimental parameters
[35, 45] and show how to realize our protocol to achieve non-
reciprocal operations on superconducting quantum circuits.
Set the anharmonicity of three transmons as αA = 220 × 2pi
MHz, αM = 210 × 2pi MHz and αB = 230 × 2pi MHz.
Meanwhile, we set the frequency of the longitudinal field
νj equal to the corresponding frequency difference ∆j as
νA = ∆A = 345 × 2pi MHz and νB = ∆B = 345 × 2pi
MHz respectively to induce time-modulation resonant inter-
action in the single-excitation subspace. Furthermore, we set
the decoherence rates of the transmons as ΓA = 3× 2pi KHz,
ΓM = 4× 2pi KHz and ΓB = 5× 2pi KHz, coupling strength
for transmons A,B to M as gA = gB = 10 × 2pi MHz and
the quantum evolution period τ = 145 ns. Then, to realize
the quantum circulator U [3pi/2], we modify auxiliary param-
eter λ = 0.4974 to make θ+(τ) = 3pi/2 and naturally de-
termine the time-modulation coupling strength g′j(t), whose
pulse shapes are plotted in Fig. 3(b).
We numerically simulate the performance of the quantum
circulator U [3pi/2] by using Lindblad master equation as
ρ˙1 = i [ρ1,HI(t)] +
∑
k=A,M,B
ΓkL
(
Oˆk
)
, (11)
where ρ1 is the density matrix of the considered system and
L(Oˆk) = Oˆkρ1Oˆ†k − Oˆ†kOˆkρ1/2 − ρ1Oˆ†kOˆk/2 is the Lind-
bladian of the operator Oˆk with Oˆk = |0〉k〈1| + (|0〉k〈0| −
|1〉k〈1|). We first evaluate the quantum circulator U [3pi/2]
with initial state |ψI1〉 sequentially prepared on the states
|100〉, |001〉 and |010〉. Define the state fidelity Fs =
〈ψT1|ρ|ψT1〉 , where ρ is the density matrix and sequential
target states |ψT1〉 are −|001〉, i|010〉 and i|100〉. As shown
in Fig. 3 (d), (e) and (f), the sequential state fidelity Fs are
99.08%, 99.25% and 99.28%, thus, the results demonstrate
the construction of our quantum circulator.
Then, we evaluate the ability to simultaneously send and re-
ceive the quantum states for the quantum circulator U [3pi/2].
We set transmon M as both sender and receiver, which can
send quantum information to transmon A and simultane-
ously receive different quantum information from transmon
B. To demonstrate this, we set the initial states |ψI2〉 =
cosϑ|010〉 + sinϑ|001〉, and the corresponding target states
are |ψT2〉 = i cosϑ|100〉 + i sinϑ|010〉. We define the fi-
delity Fm = 12pi
∫ 2pi
0
〈ψT2|ρ|ψT2〉dϑ with the integration nu-
merically performed for 1001 input states with ϑ being uni-
formly distributed over [0, 2pi]. As shown in Fig. 3(c), we
get the fidelity Fm = 99.23%, which shows the power of
our scheme can realize an effective quantum transfer station
which can receive and send different quantum information in
one direction.
V. DISCUSSION AND CONCLUSION
In summary, we propose a general proposal based on time
modulation to realize an non-reciprocal operations. Our pro-
posal is easily realized experimentally in many quantum sys-
tems. We implement our proposal on superconducting quan-
tum circuits with two driving transmons simultaneously cou-
pled to one transmon. Considering the scalability and control-
lability of the superconducting quantum circuits system, our
scheme provides promising candidates for quantum informa-
tion processing and devices in the near future.
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